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A series of ab initio (density functional) calculations were carried out on side chains of a set of amino acids, plus water, from the (intracellular)
gating region of the KcsA K+ channel. Their atomic coordinates, except hydrogen, are known from X-ray structures [D.A. Doyle, J.M. Cabral, R.A.
Pfuetzner, A. Kuo, J.M. Gulbis, S.L. Cohen, B.T. Chait, R. MacKinnon, The structure of the potassium channel: molecular basis of K+ conduction
and selectivity, Science 280 (1998) 69–77; R. MacKinnon, S.L. Cohen, A. Kuo, A. Lee, B.T. Chait, Structural conservation in prokaryotic and
eukaryotic potassium channels, Science 280 (1998) 106–109; Y. Jiang, A. Lee, J. Chen, M. Cadene, B.T. Chait, R. MacKinnon, The open pore
conformation of potassium channels. Nature 417 (2001) 523–526], as are the coordinates of some water oxygen atoms. The 1k4c structure is used
for the starting coordinates. Quantum mechanical optimization, in spite of the starting configuration, places the atoms in positions much closer to
the 1j95, more tightly closed, configuration. This state shows four water molecules forming a “basket” under the Q119 side chains, blocking the
channel. When a hydrated K+ approaches this “basket”, the optimized system shows a strong set of hydrogen bonds with the K+ at defined
positions, preventing further approach of the K+ to the basket. This optimized structure with hydrated K+ added shows an ice-like 12 molecule
nanocrystal of water. If the water molecules exchange, unless they do it as a group, the channel will remain blocked. The “basket” itself appears to
be very stable, although it is possible that the K+ with its hydrating water molecules may be more mobile, capable of withdrawing from the gate. It is
also not surprising that water essentially freezes, or forms a kind of glue, in a nanometer space; this agrees with experimental results on a rather
different, but similarly sized (nm dimensions) system [K.B. Jinesh, J.W.M. Frenken, Capillary condensation in atomic scale friction: how water acts
like a glue, Phys. Rev. Lett. 96 (2006) 166103/1–4]. It also agrees qualitatively with simulations on channels [A. Anishkin, S. Sukharev, Water
dynamics and dewetting transitions in the small mechanosensitive channel MscS, Biophys. J. 86 (2004) 2883–2895; O. Beckstein, M.S.P. Sansom,
Liquid-vapor oscillations of water in hydrophobic nanopores, Proc. Natl Acad. Sci. U. S. A. 100 (2003) 7063–7068] and on featureless channel-
like systems [J. Lu, M.E. Green, Simulation of water in a pore with charges: application to a gating mechanism for ion channels, Prog. Colloid
Polym. Sci. 103 (1997) 121–129], in that it forms a boundary on water that is not obvious from the liquid state. The idea that a structure is stable,
even if individual molecules exchange, is well known, for example from the hydration shell of ions. We show that when charges are added in the
form of protons to the domains (one proton per domain), the optimized structure is open. No stable water hydrogen bonds hold it together; an
opening of 11.0 Å appears, measured diagonally between non-neighboring domains as glutamine 119 carbonyl O–O distance. This is comparable
to the opening in the MthK potassium channel structure that is generally agreed to be open. The appearance of the opening is in rather good
agreement with that found by Perozo and coworkers. In contrast, in the uncharged structure this diagonal distance is 6.5 Å, and the water “basket”
constricts the uncharged opening still further, with the ice-like structure that couples the K+ ion to the gating region freezing the entrance to the
channel. Comparison with our earlier model for voltage gated channels suggests that a similar mechanism may apply in those channels.
© 2007 Elsevier B.V. All rights reserved.Keywords: KcsA K+ channel; Gating; Proton; Ab initio calculation⁎ Corresponding author. Tel.: +1 212 650 6034; fax: +1 212 650 6107.
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Ion channels make it possible for ions to enter and leave
cells, by allowing the ions through the hydrophobic cell
membrane. The gating (opening) mechanism of voltage-gated
ion channels has been a long-standing problem. Determination
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more precisely, but has not solved it. Prior to publication of the
structure of the voltage-gated channel Kv1.2 [8], the proton-
gated channel KcsA [1–3] showed how the pore region of a
potassium channel is structured. However, the mechanism by
which a proton gates this channel is not transparent from the
static structures of closed or open states, and is still
controversial. Recent proposals for voltage gated channels by
Bezanilla and Roux and coworkers [9,10], and by Mackinnon
and coworkers [11], are not compatible with each other. We here
present evidence for a gating mechanism for the proton-gated
channel KcsA, which, however, is expected to have critical
characteristics in common with the voltage-gated channels; the
motion of the gating segment is likely to be generally similar to
those channels. This in turn suggests a third alternative for
gating mechanisms of voltage gated channels, in which we
propose that a proton-operated gate may resemble the final step
of the mechanism of gating of a voltage-gated channel. Recent
simulations by Shrivastava and Bahar [12] suggest a common
conformational change on opening; although our work does not
consider the entire channel, it suggests how a local change can
lead to a more global change, as in their simulation. Our
mechanism could be applied to voltage-gated channels as well,
and would not be compatible with a mechanism dependent on a
strictly mechanical linkage between the voltage sensor and the
gate, as are the two mechanisms cited above.
The voltage sensing domain (VSD) of a standard voltage-
gated potassium channel has been placed on the KcsA channel,
causing it to behave as does a voltage-gated channel; Lu and
coworkers [13] observed that certain conserved residues are
required for coupling the VSD to the KcsA channel,
particularly in the S4–S5 linker, between the S4 transmem-
brane (TM) segment that is part of the VSD, and the S5 TM
segment that is part of the pore, and includes a part of the gate.
They interpreted this in terms of a mechanical linkage.
However, the result could be understood instead as meaning
that the VSD acts as a voltage to proton current transducer,
with linkage through a set of hydrogen bonds. In addition, it is
now known that the voltage-gated proton channel, hitherto
considered unrelated, is essentially the voltage-gated channel's
VSD [14,15]; it is not known whether the protons in that
channel actually move along the S4, although that is clearly a
possibility. It is known that single mutations in S4 disrupt the
proton current, or, in a voltage gated channel, a single R to H
mutation permits proton current. Therefore, it is very likely that
the a proton current partially across the S4 is possible, and
actually happens. If so, it would suggest that protons may also
move along S4 to produce the gating current in voltage gated
channels, which should mean that change in state of
protonation is responsible for voltage gating far more generally
than in the KcsA channel; the latter opens when the pH drops
to approximately 4, showing that the channel is gated by
addition of a proton (there may also be a form of gating at the
selectivity filter, but that does not concern this discussion).
Evidence concerning the nature of the linkage of S4 to the
gating mechanism in voltage gated channels must be sought
independently. We have argued that the final step in potassium(and, presumably, sodium) channel gating is related to the
disposition of protons, and to the effect on the structure of the
water hydrogen bonded to the gating region, a proposal we
have previously made [16–18]. The example we present here
shows how this could happen in a simpler channel in which the
gating is known to be pH dependent, and thus almost certainly
proton dependent. We must therefore determine the ways in
which addition of proton(s) to the gating region of the KcsA
channel could alter the hydrogen bonding network of water
there. This should tell us whether protons weaken the hydrogen
bonds that provide the force holding the domains together,
allowing domain separation and thus channel opening. It may
be that a similar effect exists if protons move along the VSD
(presumably along S4) in a voltage gated channel, making
charge alterations in the gating region of that channel
analogous to those in the KcsA channel on change of pH.
The protons that we believe gate a voltage-gated channel could
move in either direction, extracellularly in the depolarization-
gated channels, intracellularly in HCN (hyperpolarization-
activated cyclic nucleotide gated) or other hyperpolarization
activated (or partially activated, allowing for the ligand)
channels. The point is to understand what happens to a
channel when its charge changes; the change may in principle
be of either sign; in KcsA, positive charges open the channel.
The KcsA channel, where the structure is clearer than the
Kv1.2 channel at the relevant residues, has several hydrogen
bonding residues there: the most important are a glutamate, a
glutamine, and an arginine, as these point toward each other.
Other nearby residues include one glutamate and two arginines,
but the latter point away from the center of the pore; perhaps
they are salt bridged, although this is not obvious. The
glutamine is not charged, although it contributes key hydrogen
bonds; there are two sets of coordinates, 1k4c and 1j95, that
differ. The 1k4c structure may even be partially open, although
that is not likely; the 1j95 structure is closed. We compare the
size of the opening for a K+ ion for the KcsA channel open
structure to our results; they agree with this assignment within
reasonable limits. Our model, described below, places a proton
on the side chain of R122 at the intracellular end of the
channel, where our calculation suggests gating occurs. This is a
reasonable location to look at, as there are a number of cases
known where protons move onto proteins along paths
determined by arginines and carboxylate containing amino
acids; we do have neighboring glutamates here. These include
cytochrome C oxidase (cyt C) [19] and bacteriorhodopsin (bR)
[20]. Other evidence comes from enzymes in which arginine is
involved in enzymes in which proton abstraction is required
[20]. It is not surprising to find that arginine is a key residue in
the gating region of an enzyme in which protons are known to
be responsible for the gating. The other possible key residue
(not included in our model at this point, although a more
detailed version could include this residue's contribution, see
discussion below) is a histidine, H124. This too has a pK in the
appropriate range, and histidines have been suggested as part of
a proton wire [21]. A number of biological systems depend on
proton transport; several proteins have known paths along
which to move protons, in addition to the examples given
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essentially the VSD of certain K+ and Na+ voltage gated ion
channels with a salt bridge deleted.
Arginine is also involved in enzymes in which proton
abstraction is required [23], when it is solvent accessible and
adjacent to carboxylate groups, in spite of its pK of ≈12.5 in
solution. Both of these conditions are met in the voltage
sensing domain of ion channels, and therefore presumably in
Hv; the key mutation in Hv is R133I, and secondarily D62S,
removing a salt bridge, thus breaking the water column in the
VSD [24]. Several enzymes have been reviewed by Brands-
burg-Zabary et al. [25], from the point of view of proton
transport internal to the protein. These authors note that the
diffusion constant of the proton in the protein is about half that
in bulk water (or in a phospholipid bilayer, although that is less
relevant to this work). The proton moves more slowly as the
water is restricted.
All these results suggest that we can reasonably expect that
a proton could reach the arginine that we are concerned with.
Once it does the consequences are those that we calculate.
In the 1k4c structure side chains of three residues either point
to the center of the channel (Q119), or form a salt bridge that
appears to be crucial to the structure of that section of the
channel (R122 of one domain with E120 of the neighboring
domain). Because the channel structure grows wider above this
region, and then narrows again, there seems no reason to have
such a tightly fitted structure unless it has a significant role in
holding the domains together in the closed channel. In other
words, it is a good candidate for the main gating region; we
must show that adding protons will cause it to open, and that it
will hold together when it is not protonated. Cortes et al. [26]
suggested that the cluster of charged residues in this region was
a prime candidate for the pH sensor; we have made this
suggestion specific, and demonstrate how such a sensor might
work. Data from Liu et al. [27] show a pivot at residues 107–
108 for an opening below (intracellular to) this level. The
domains are necessarily held together below that level, and the
most obvious location must be where the domains join.
Therefore, this is the region we calculate.
These residues can form chains of hydrogen bonds with the
water that must be present to fill the space available in the X-ray
structure, although the water molecules in the X-ray structure
tend to have positions different than those we find, with the
water in the calculation often 3 Å or so from the closest water in
the 1k4c X-ray structure.
However, we find the closed state is closer to 1j95, so this is
not surprising; the 1j95 structure does not have relevant water
positions. Nevertheless, the key “basket” water appears to be
very robust. The energies calculated can be used to compare to
kBT (kB=Boltzmann's constant, T= temperature (K)) at room
temperature, and distortions of the structure turn out to be very
expensive energetically. We present here calculations on parts of
the gating section of the channel (as defined above) that suggest
the types of changes that must occur when protons are added to
the channel. This helps make possible understanding the ways
water may block a channel, and ways for the channel to open,
releasing it from being held by hydrogen bonds. There have beennumerous molecular dynamics simulations of the KcsA channel,
of varying types [28–34]. The selectivity filter can now be
reasonably well understood, but the gating region is more
difficult; we believe this is related to subtleties of hydrogen
bonding; in addition, the selectivity filter is more rigid. These
hydrogen bonds may be difficult to reproduce by standard water
potentials used in MD simulations [35,36]. However, the
qualitative behavior may be essentially correct, and the recent
work by Shrivastava and Bahar [12] suggests, as previously
noted, that the conformational change accompanying gating of
all K+ channels may be similar; even if the details of that
calculation are in some need of modification, the general
conclusion is reasonable.
There have been a much smaller number of ab initio studies
of the channel. The selectivity filter was investigated by
Compoint et al. [37], giving the charges on the selectivity filter.
There has also been a density functional study of the selectivity
filter [38]. A study of three sections of the channel, all in or near
the selectivity filter, by Bliznyuk and Rendell, showed the effect
of polarization in the calculation, even at a distance [39]. So far,
it does not appear that the gating region has been treated by ab
initio, or density functional, methods, nor with enough water to
see its effect. In this work, we test the strength of the water
intermolecular interactions with the key amino acids, as well as
with other water molecules.
The calculations must show whether the channel is directly
blocked by the water. A number of workers have shown that it
isplausible that the water is held sufficiently tightly [4-7]. A
second alternative might show that the channel is blocked with
protein held together by chains of hydrogen bonds that include
water, and a third alternative would be that water does not play a
major role. The importance of the intracellular amino acids
studied here has been demonstrated by Perozo and coworkers
[40,41]; those results are also in reasonably good agreement
with our open state structure. The neighboring amino acids may
be indirectly important, contributing to the charge or the electric
field, and thus affecting the pKa of the protonated group;
however, they are distant from the key residues, and we are not
here considering the pKa values. Another reason for looking at
Q119, in particular, is the fact that the four domains come
together closely enough for the side chains of this amino acid to
be hydrogen bonded to each other. One more interdomain
linkage involves E120 and R122 of neighboring domains; these
two are at positions that allow the formation of an interdomain
salt bridge. Taken together, these are the most probable amino
acids to be critical for gating. The fact that gating occurs with
lowered pH implies that addition of protons is a key step in
gating. We need a relatively high-level computation of the side
chains of those amino acids directly affected by this addition of
protons. The channel's “bundle crossing”, which is about 10
amino acids above the gate may play a role in the rotation that
opens the channel, but does not itself appear to be the part that
holds the gate closed. Instead, it is the pivot upon which the
lower section of the channel rotates [42]. The gate itself has the
ability to change bonding and thus actually open the channel.
Mutations in the bundle crossing still affect gating, as they alter
the pivot of the opening transition.
Table 1
Distance between atoms, opposite domains
C (carboxyl), E120 23.71 23.65
C (guanidinium), R122 20.32 20.34
O (amide) Q119 11.14 10.96
Column 2, one of two diameters with dimer plus C2 symmetry (equivalently,
from one monomer plus C4 symmetry), and Column 3, the second diameter with
C2 symmetry. (Distances in Å).
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Most of the calculations were carried out using the supercomputer facility
at the Pacific Northwest National Laboratory, with NWChem software [43].
The work presented here followed the completion of preliminary studies,
consisting principally of optimizing the hydrogens for the “monomer”, that is,
one repeat of the side chains of three amino acids, Q119 and R122 amino
acids from domains A and D, plus the E120 from domains D and C. The
E120 of domain D and the neighboring domain A R122 are bridged. The side
chains in the calculation began with the carbon two positions up the side
chain from the end, converted to a methyl group (for glutamate, CA (alpha),
for glutamine CB, for arginine CG), which is frozen. By freezing these atoms
in place, at least most of the net forces exerted by the remainder of the
protein on the backbone are included, although any effects of vibrations on
side chains are omitted.
The single domain (“monomer”) from the 1k4c X-ray structure, plus added
hydrogens, with the symmetry operations that are required to make the complete
X-ray structure from the monomer, to construct a starting configuration for the
final optimization. This provided the charged (open) and uncharged (closed)
starting positions, which were identical save for the extra proton per domain in
the open state. Four water molecule oxygen positions were also taken from the
X-ray structure, with H added as for the amino acids. While the key closed
calculation has all four domains, the open calculation was first done on a two-
domain construct; the complete four-domain system is then constructed by
symmetry. However (see below) the final calculation was done on the four-
domain structure. The extra proton representing the open state charge was added
to the R122 guanidinium at the salt bridge, one per salt bridge, and then allowed
to optimize. The initial position of the proton does not represent the actual
structure; the optimized position does, and is the key to the structure. Placing the
proton initially at R122 does not mean that we expect it to actually be there when
an energy minimum is found, only that it would not surprise us to find it
associated with the opening of the salt bridge. Thus it makes sense to start in the
neighborhood of the salt bridge.
We noted in the Introduction section that it was reasonable to expect protons
to move along a path containing arginine and a carboxylic acid (here,
glutamate). The arginine in question appears to be a reasonable location for the
proton to stop, thus destroying the salt bridge. The consequences of this choice
are the subject of this work; the result shows that this leads to a reasonable gating
mechanism, in which the closed state is bound by a combination of salt bridge
and hydrogen bonding, and that this fails (i.e., the channel opens) when a proton
destroys the salt bridge. It is conceivable that an additional proton could be
added in a second location (involving H124), thus breaking additional hydrogen
bonds not shown in the present calculation (see the discussion of a possible
second basket of water, below); however, this does not alter the fundamental
idea of this mechanism. The details may require modification, but not the
mechanism.
The final position of the proton was determined by the calculation; there is
no assumption that the guanidinium is uncharged in the closed state. Instead we
have the salt bridge in the closed state, and the proton causes a redistribution of
charge that destroys the salt bridge in the open state. Starting from the 1j95
coordinates was impossible, as R122 was missing.
2.1. Open state details
A two-domain density functional calculation using B3LYP/6-311+G**
converged for the open (charged) state, starting from coordinates prepared as
described above. (The B3LYP method was compared with the MP2 method by
Kar and Scheiner [44], with the 6-31+G* basis set, to investigate water chains,
as well as C–H···O hydrogen bonds, and found to be little different; the two
methods produced similar trends in water chains. They found B3LYP to be
satisfactory, and we use it here.) The system was optimized to determine the
position of the side chains and the water molecules, save for the frozen end
methyl groups. Eighteen water molecules were included from their oxygens in
the X-ray structure for the dimer (hence, 36 for the tetramer created from the
dimer), from which positions they were also optimized. The space is shown to be
large enough to hold enough molecules that they would behave like bulk water.
In this calculation, the two missing domains were added by symmetry. However,
in this system, two out of four anchor points for the “basket” were absent.Providing a fair test of the possibility that structured water of some sort was
going to form in any case required repeating the calculation with all four
domains present; it was, at HF/6-31G** level. The water looked like bulk water,
with the channel opening to almost the same extent as in the previous model. We
conclude that the structured water can only form when the protons have not been
added, hence the channel is closed, and the structure depends on the ability to
hydrogen bond to the protein. When the protons are added so that the salt bridges
break and the domains separate, the water cannot rescue the closed structure.
To check the adequacy of the assumptions, single point calculations at
B3LYP/6-311+G** level were done around the minimum for one angle of
rotation of the entire Q119 group, together with associated water molecules
(single point calculations, unlike optimizations, are feasible at this level). The
energy (units of Hartrees, H) of the tetrameric open state, with the structure of
two domains determined by symmetry operations, was −6116.8016 H; with the
Q119 plus associated water rotated ±5° in the plane of the amide carbons, the
energy was (+5°) −6116.7922 H, (−5°) −6116.7950 H. Clearly this is a
moderately steep minimum with respect to this rotation, approximately 6 to
9 kBT. With only the end atoms rotated 5° inwards, the energy was −6116.8011
H, a small change, and in the appropriate direction. However, a better minimum
was found by taking one of the two domains of the optimized dimer and
imposing C4 symmetry to create a tetrameric structure, single point energy
−6116.8118 H. Therefore, the two minima are fairly close. This would be more
accurate than the four domain calculation, as the higher level and basis set are
needed for an accurate energy calculation; the geometry was so similar that we
could use any of the geometries at its own minimum, to get the steepness of the
minimum. Another check consisted of taking the optimization of the dimer
discussed above, and comparing certain distances across opposite domains. If
asymmetry were introduced by the optimization, these would differ (note: one of
the diagonals is the same as what one gets by taking one domain, and applying
C4 symmetry to create the tetramer). Comparing distances across opposite
domains, we get the results in Table 1.
The agreement between Column 2 and Column 3 is clearly excellent; the
optimization of the dimer produces a symmetric tetramer. The four domain
structure at HF/6-31G* level produced results within 0.1 Å of the structures in
Table 1, with the key O–O distance (last row) 11.0 Å.
2.2. Closed state details
No protons were added, so the charge was less by one charge per domain,
but the same methyl groups were frozen. Because it was not possible to optimize
the twelve amino acids plus associated waters of the full structure at the B3LYP/
6-311+G** level, the following approaches were used for this part of the
problem: (1) A system of four Q119 (one per domain) plus eight water
molecules (starting positions again from the 1k4c structure for the oxygens) was
optimized; unlike all else reported here, this optimization used Gaussian [45],
was done on a Linux cluster, and used B3LYP/6-311+G**. (2) An HF/6-31G**
(HF=Hartree–Fock) optimization (with NWChem) of the full 12 amino acid
(four-domain) system with 36 molecules of water was possible; it confirmed the
geometry, and showed the final positions of the side chains and the water. For the
total system, there were 276 atoms, 2400 basis functions (without hydrated K+).
(The same “basket” of water formed in the Gaussian optimization with only
Q119 as in the NWChem optimization with the additional two amino acids, and
a different method. This was tested further by displacing the “basket” of water
vertically (i.e., along the central symmetry axis), and doing B3LYP/6-311+G**
single point calculations to insure that the HF optimization corresponded also to
the high level energy minimum. There was a very slight decrease in energy with
0.1 Å displacement of the “basket” vertically toward the amino acids, but
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compared to −6115.2803 H with a 0.1 Å displacement, for a difference of
0.0003 H, or about 1/3 kBT (0.001 H≈kBT)—a further vertical 0.1 Å
displacement gave energy appreciably above the HF minimum, as did 0.1 Å in
the opposite direction). The “basket” was also rotated ±5°; the energy (H) was:
−5°: −6115.2780; 0°: −6115.2795; +5°: −6115.2788. The minimum therefore
comes at the same orientation as in the HF calculation. The 0° and HF minimum
values as redone using B3LYP/6-311+G** differ by almost 0.0005 H because
the procedure used to do the rotation involved a coordinate transformation that
allowed slight round-off error. The accuracy of the HF calculation, relative to a
high level density functional calculation, is thus approximately 0.1 Å in distance
and less than 5° in angle. This is of the order of a vibration, and thus adequate for
our purposes. The absolute values of the energy cannot be compared to those of
the open state, as that state has four additional protons. The fact that the tightly
closed state was reached from the less closed 1k4c starting configuration
demonstrates that sufficient length of side chains was included to show the
change from 1k4c to 1j95 structures. The fact that the final atomic positions
reproduced the X-ray structure reasonably closely suggests that the calculation is
valid, and the omission of other amino acids did not distort the structure.
Finally, we did the calculation with an added hydrated K+. This tests the
possibility that K+ would destroy the “basket”. It does not. In the four-domain
state as optimized first at HF/6-31G* level, with potassium hydrated by eight
waters, four waters again form a “basket”, in which the hydrogen bonds to a pair
of neighbors stabilize the position. The hydrated potassium remains below the
“basket”, without any significant change in its structure. The next optimization
was done at B3LYP/6-31G** level at the EMSL facility supercomputer
(technical reasons – the absence of a K+ basis set with diffuse functions in
NWChem – prevented the use of diffuse basis functions, as in 6-31+G**). This
was done with the same starting structure as before, this time with 32 water
molecules total in the calculation; the system had a total of 2323 basis functions.
Here we find the “basket” holds, together with additional water including part of
the hydration shell of the K+ ion. The structure that forms looks like a nanocrystal
of ice, blocking the path of the ion towards the channel. The 6-31G** basis set is
large, although not as large as the 6-311+G** that might have been preferable,
but the optimized geometry is still reliable—we have already seen that the
structure does not seem to greatly depend on the calculation method. B3LYP
includes at least some of the correlation energy of the electrons. Overall this is a
rather accurate calculation, and reinforces the geometric result found earlier at
HF/6-31G** level (i.e., with no correlation energy). It is also much more reliable
than the MM potentials used in molecular dynamics simulations. Energy dif-
ferences with position can also be considered reasonably reliable, although
absolute energy values would be lower with a larger basis set. Single point
calculations were done on the final structure to test the depth of the minimum.
The one modification of the model that appears to still be possible comes
through the inclusion of H124 in the model; this residue may form a secondary
basket of water, adding to the basket in the first calculation. Further calculations
to study this question are difficult because of the size of the total system, but
very preliminary indications, based in part on modeling, and on very
approximate calculations, suggest that such a basket could exist. It appears
that it would be a little too distant to hydrogen bond to the original basket as well
(which remains, whether the additional basket exists or not). However, the key
point of the model is the existence of a basket (a set of four hydrogen bonded
molecules) of water that blocks the entrance to the channel, and is hydrogen
bonded to the protein. If the histidines are involved at all, it reinforces the model,
and adds detail, but does not contradict the calculation done so far. If the second
basket does exist, the position at which the K+ ion would presumably be held is
below the H124, but the “nanocrystal” would be expected to again form at that
position, as the second anchoring basket would have the same structure as the
first. However, this remains to be confirmed by actual calculation, as does the
existence of the second basket.
2.3. Charges
The charges shown (Table 3) are fitted using Ahlrich's Auxiliary basis sets
protocol [46] in NWChem, which is considered much more accurate than other
methods when doing DFTcalculations. They are clearly better than the Mulliken
charges, in particular. Charges are calculated with 6-31G** plus the Ahlrich's
Auxiliary Basis Set.2.4. Graphics
These are prepared using the program GOpenMol [47,48]; this program
shows hydrogen bonding, with bonds defined by these default criteria: donor–
acceptor length <3.9 Å, hydrogen acceptor <2.5 Å, donor–hydrogen acceptor
>90°, hydrogen–acceptor-atom bonded to acceptor >90°, donor–acceptor-atom
bonded to acceptor >90°. Therefore some weak bonds could be included. The
distances for the critical bonds are shown in the figure and the tables, so that it is
clear that the actual bonds in these figures are not very weak.
3. Results and discussion
The structures of the optimized gating region, open and
closed, are shown in Fig. 1. Fig. 1A has the protonated, open,
configuration. The distance from oxygen to oxygen of the
glutamine carbonyl group across the center is 11.0 Å, compared
to 8.2 Å for the 1k4c structure, the latter probably still too small
for an open channel. The 11.0 Å agrees very well, as noted
above, with the 10.96 Å and 11.14 Å values given in Table 1, for
the calculations that used two domains plus symmetry. It
appears that the open state structure is robust, and the geometry
not dependent on the details of the calculation. For the KcsA
channel, the appropriate dimensions of the open state are given
by Perozo and coworkers [27]. It is interesting to note that this
corresponds approximately to the channel opening of a voltage
gated channel. For comparison, Long et al. [8] have given the
opening of the Kv1.2 channel as about 12 Å. The 1k4c opening
is about 3 Å smaller than the calculated value, and about 4 Å
smaller than the Kv1.2 structure. In the calculation, the water
molecules have the appearance of unstructured bulk water. The
conditions are not such as to hold the channel in a tightly fixed
position, nor such as to block hydrated K+ from approaching.
Fig. 1B shows the unprotonated hence presumably closed,
configuration of the four domains, at B3LYP/6-31+G** level,
for only the four glutamines (Q119), plus water. The “basket” of
water molecules is clear, with a strong hydrogen bonded
structure holding the water molecules in place. Fig. 1C and D
show the twelve amino acids, plus the “basket” of water formed
in the structure optimized using B3LYP/6-31G**, in two
orientations, plus a hydrated K+ ion. The hydrogen bonds
among the “basket” waters have oxygen–oxygen distance=
2.70 Å, and for the bonds connecting the “basket” to the amino
acid, the donor–acceptor distance is 2.67 Å.We observe that it is
a plausible closed structure (O–O distance is in the range 2.66 to
2.82 Å, for all relevant bonds, including those in the glutamines).
The K+ to nanocrystal water oxygen bond length is 2.85 Å,
compared to 3.23 Å for the corresponding distance in an isolated
hydrated K+ ion. The difference may be partly a consequence of
a difference in charge on the O atom of the water hydrating the
ion. Using B3LYP/6-31**, the oxygen charge is −0.69 q, where
q is the electronic charge, for the nanocrystal case; −0.64 q for
the hydrated ion (for comparison, in the latter case, the charge
computed using B3LYP/6-311+G** in a single point calcula-
tion is −0.62 q; the difference in basis set is therefore not very
important).
Sixteen water molecules out of the 32 in the computation are
required for the hydration of the K+ and for the basket,
including four that mediate between the two, with hydrogen
Fig. 1. Open (protonated) state of the KcsA channel, showing results of calculations on three amino acids from all four domains, plus water, optimized at HF/6-31G**
level. Outer methyl groups are frozen. The distance between the two oxygen atoms of Q119 is 10.9 Å on one diagonal, 10.2 Å on the other. (Color code: see end of
caption). (B) The closed state, Q119 only, plus the water: this calculation is done at B3LYP/6-311+G** level. Instead of 11 Å, the distance across is now only
approximately 6 Å, not enough for a hydrated K+ ion, even if the water molecules could exchange instead of blocking the channel. (C, D) the uncharged (closed) state
of all three amino acids (2 orientations), plus the remainder of the structure, not present in the computation: The system consisting of the Q119, E120, R122 amino
acids (all four domains) plus 32 water molecules and a K+ is optimized using B3LYP/6-31G**. These are shown as heavy lines (tubes). The amino acids adjacent to
these are not included in the calculation, and shown as thin gray lines; all amino acids are labeled in one domain. The small red x's are 58 water molecules (oxygen
atoms) from the 1k4c X-ray structure. The heavy water molecules are the result of the optimization. As in B there is a “basket” of water molecules hydrogen bonded to
Q119 that blocks the channel, and also holds the domains together: the set of 12 hydrogen bonded water molecules form a “nanocrystal”, shown at the center of C
surrounding the K+, and at the bottom of D, is a strong barrier to the approach of K+ toward the channel. Hydrogen bonds are shown in A, B as dashed lines (as inserted
by GOpenMol—criteria in text, but in C, D the key bonds are normal). Large amino acid labels are shown in one domain, but the corresponding amino acids are
present in all four domains. Atoms: black=frozen; optimized atoms, green=carbon, blue=nitrogen, red=oxygen, white=hydrogen. See Tables 2a and 2b for the
relevant distances.
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hydration of the K+. The upper 12 of the molecules (the
“basket”, the mediating four, and the upper four of the K+ water
of hydration) form the nanocrystal with an ice-like structure that
we discussed above.
The difference between the charged and uncharged states can
easily be seen, in that water is structured, as a part of the protein
structure, in the center of the figure with the uncharged system,
showing a system of hydrogen bonds. In the charged (open)
case, those waters are essentially as in bulk.
In short, Fig. 1A has the result of calculation on the four
domain configuration for the open state. Fig. 1B–D give the
closed state, C and D showing how the water blocks the
hydrated K+ ion. Fig. 1 thus shows the essential result of this
work: when the channel is protonated, the domains separate;
when the channel is not protonated, the domains do not
separate, but are held by hydrogen bonding among the amino
acids and water molecules that are in the gating region, and a
“basket” of water blocks the channel. The remaining amino
acids that are omitted here will influence the details of the
mechanism, but they will produce second order effects. A
complete calculation would show how the gating pH of KcsA
can be adjusted by neighboring amino acids, and would give the
effects of mutation of these amino acids on the pKa of the
residues in the gating region. That calculation awaits more
powerful computers, or better methods of treating hydrogen
bonds, so that they can be calculated to equal accuracy, but
much more quickly. (The better minimum (by ≈0.01 H)
referred to in the Methods section is indistinguishable in
geometry from the figure, at the scale shown, and within less
than 0.2 Å in interatomic distances in the center of the channel.)
Hydrogen bond lengths were discussed earlier, and are quite
reasonable. Also the short K+–water distance (2.85 Å and
2.86 Å (two different bonds) vs. 3.23 Å in normal hydrated K+)
suggests a structure that is stabilized by its surroundings.
Indeed, the structure appears to be extremely stable. This
was tested by distorting the structure slightly and recomputing
the energy. The energy of the system, as optimized, is
−6407.1586 H (H=Hartree, and 0.001 H≈kBT). Displacing
the K+ and its 8 waters of hydration upward (i.e., in the
extracellular direction) by 1 Å gives a single point energy of
−6406.9236 H, more than 200 kBT higher, thus totally out of
reach. Displacing the 4mediating water molecules 0.5 Å upward
produces −6407.0835 H, raising the energy >75 kBT. A lateral
displacement of the upper water of hydration of the K+ by 1 Å, 2
adjacent water in one direction, 2 in the opposite direction, gave
−6407.0587 H (K+ stationary) or −6407.0585 H (K+ displaced
upward into the space left by moving the water molecules by
1 Å). While it is possible that the K+ might move away from the
gate (a possibility of less interest to us, and thus not tested), we
have found no path by which the K+ could plausibly approach
closer to the gate. In that direction, a displacement (even without
moving the “basket” attached to the Q119 groups) is energetic-
ally extremely costly. This leaves the question of why the K+
does not appear in the X-ray structure, and in fact some of the
water that should be there is at least hard to see. However, the
X-ray structure does not extend down to the level of the K+,which may account for its absence. Whether the “basket” is
composed of water molecules that are close enough in the X-ray
structure (there are some water molecules roughly 2 Å away) to
be within experimental uncertainty remains to be determined.
Fig. 2 shows the energetic cost of removing one molecule from
the “basket”, and the cost of moving the entire “basket” outward.
Tables 2a and 2b show the distances in the converged
structures, compared with the 1k4c and 1j95 structures. The
final coordinates of the closed state are in approximate
agreement with the 1j95 structure, having moved during the
optimization. The charged state opened, making a considerable
difference with 1k4c.
Of Table 2b distances, only N–O is available from the 1j95
X-ray structure, and it is 2.84 Å. The water oxygens are those in
the “basket” waters (which are the upper four water molecules
of the nanocrystal). This agreement is satisfactory, considering
the inaccuracies left in the calculation, the error limits of the X-
ray structure, and the 1k4c starting point. The open MthK
channel has an opening that is only about 1 Å larger than we
find for the glutamine oxygen to diagonally opposite glutamine
oxygen distance, which agrees within the uncertainties of the
calculation and the structure (also, it is a different channel, but
that may not be as important). Jiang et al. also give a 12 Å
opening [3]. In addition, the agreement in Table 1 within 1 Å
between two out of three cases for the closed to 1j95
comparison suggests that the calculation is reasonable, needing
only some fine tuning, which might have been obtained had a
larger basis set, or additional amino acids, been possible. The
amide groups of Q119 become coplanar in the calculation, and
this agrees with the 1j95 structure. In the open state these groups
rotate, with the oxygen pointing down (i.e., intracellularly), the
nitrogen up. Fig. 3 makes the point even more clearly.
The small rotation of the side chains produces better
agreement with the 1j95 than the 1k4c structure, in spite of
the fact that the backbone ends of the side chains were frozen in
the 1k4c position. The motion suggests that the 1j95 positions
may be more stable. Possibly, the 1k4c coordinates may be a
form of intermediate, partially open state. Near agreement of the
inner part of the uncharged case with 1j95, in spite of starting
with 1k4c (see also Tables 2a and 2b), shows that the system we
are studying is large enough to tell the difference between the
two structures, as well as between open and closed.
The distribution of the charges when protons are added is
of some interest also. We have calculated the charges on the
atoms, and present the charges on the key atoms in Table 3.
Because of the near four fold symmetry, there is very little
difference in the charges on the corresponding atoms of
different domains. The charges are therefore reported as
averages over corresponding atoms, with the scatter given as
well; generally the scatter is no greater than 0.02 charges.
Atoms that are reported in Table 3 are those of the water
molecules in the gate, the atoms to which they are hydrogen
bonded, and those involved most directly in the E120–R122
salt bridge. The atoms can be listed with their Table 3
designations as follows: the water molecules, most clearly
seen in Fig. 1D, where there are three layers of interest in the
closed state: the water basket, which is hydrogen bonded to
Fig. 2. Two views, at 90o angles comparing the calculated and 1k4c and 1j95 X-ray structures: Carbons from the 1k4c structure are red-orange, from the calculation
green, from 1j95 black. Nitrogen is blue, hydrogen not shown, and carbons frozen in the calculation that are used as methyl groups are circled in A (the 1k4c and
calculated positions of those atoms are forced to coincide). Water oxygens (only calculated shown) are pale blue, and can be seen to be in locations that outline the
nanocrystal. R122 is missing in the 1j95 X-ray structure. One instance of each amino acid is labeled. The two oxygen atoms of the E120 carboxyl to the neighboring
domain R122 guanidinium C atom have optimized distances of 3.09 and 4.12 Å, compared to 4.19 and 6.17 Å in the 1k4c X-ray structure. The 3.09 Å distance is
marked on the figure.
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the axial hydrogen bonds are to the next layer), the next layer
toward the K+, intermediate between the basket and the
hydration shell (OB, HBE, HBA), and finally the water of the
hydration shell (OC, OCE, OCA). Other important atoms are
the Q119 O and N involved in hydrogen bonding to the basketTable 2a
Distances (Å) of side chain amide Q119 atom pairs in calculated open
(protonated) and closed (unprotonated) states (calculated=B3LYP/6-31G** for
closed four-domain values, two-domain B3LYP/6-31++G** values for open;
distances are shown for atoms in opposite domains); comparison to X-ray
structures 1j95 and 1k4c
Atoms Unprotonated 1j95 PROTONATED 1k4c
C–C 7.47 6.61 10.28 8.91
N–N 7.09 4.28 10.42 9.43
O–O 6.51 7.04 10.96* 8.18(O) and to each other (O and N), and the two hydrogens
attached to the nitrogen, one hydrogen bonded (HNB) to the
next O, one not (HNF). In the salt bridge, there are eight
atoms of interest: the glutamate carboxylate oxygens, one
hydrogen bonded (OSB), one not (OSF), two hydrogen-
bonded hydrogens on the guanidinium group of R122 (HS1,
HS2), two hydrogens that are not hydrogen bonded (H1, H2),Table 2b
Calculated H-bond donor–acceptor distances (Å) for three types of hydrogen
bonds in the closed state: (HF/6-31G**: Ow=water oxygen; O=carbonyl
oxygen, N=nitrogen, Q119 amide)
Atoms Closed
N–O 3.16
Ow–O 2.67 to 2.68
Ow–Ow 2.70
Fig. 3. This figure shows how much the quantum optimization for KcsA moves atoms from the starting 1k4c positions; initial positions for all atoms in the calculation
are shown in black. All thin red lines show motion of >1 Å; absence of thin red lines for atoms shown in color shows that the motion is <1 Å; these atoms essentially
remained at the X-ray structure positions; most of the protein atoms are in this group. Gray atoms were not included in the calculation; they are shown in their X-ray
positions. Some water moved more than 1 Å; the guanidinium nitrogen moved about 2 Å, and the water hydrogen bonded to it moves about 4 Å. The inset enlarges the
key step: the glutamine amine nitrogen rotates about the single bond, and the hydrogen bonded water accompanies it, rotating to form the “basket”. For clarity, the
water molecule to the left is removed from the inset. All four domains show the same move. Atom colors: C, green; O, red; N, blue; H (added, not from X-ray structure)
white. The water O–H bond length is close to 1 Å, so that the dimensions of the figure can be seen by using water as a scale bar. Dashed blue lines are hydrogen bonds,
thin black lines, initial positions. The “basket” is in the center, and only exists after the optimization.
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bonded (NB), one not (NF).
In the open state, there are four additional protons; E120
carboxyl groups each show an proton absent in the closed state.
The water molecules are no longer structured; the three layers
described above disappear. Table 3 has charges on water
molecules that are in the center of the system, but these are
hydrogen bonded to other water molecules, much as in bulk
water. The key difference appears to be the protons on the
glutamates, however, designated HEC in Table 3.
Note that the water molecules have a small net charge. Other
than this, there appear to be no real surprises. The charges are a
little less than textbook values, suggesting some charge
delocalization, but the charges are close to those one would
expect. Neither the salt bridge nor the basket, nor the key amino
acid atoms, appear to have charges that would cause us to look
for special explanations. The carboxyl oxygens are less
negative in the open state, as expected. A hydrogen in a
hydrogen bond that exists only in the open state (HCE) has
more than half of the charge difference between open and
closed states. The total charges do not add to the total difference
in charge (3 charges more positive in the open state, as the K+ isnot present in the open state), because some charge is on atoms
not shown.
We have also done a very limited calculation of the effects
of a Q119C mutation. In this, only the single amino acid was
present, and the backbone carbon was frozen; only one
rotation of the terminal C–S–H group was allowed; several
water molecules (as in Fig. 1B) were present. Here, no
“basket” or other ordered water structure formed. The –S–H
pointed toward the center of the channel, with the S forming
an almost exactly 5 Å square, the hydrogens pointing in and
forming an approximately 4 Å square. The channel would
have been blocked (a little weakly), but not by the mechanism
suggested by the “basket” of water in the WT channel. It is
likely that such a channel would still require protons to gate,
to break salt bridges. We have not done a Q119A calculation,
but that may allow the passage of ions, making a channel that
would, from our results, be constitutively open (the salt
bridges would still remain, but the water and the potassium
should behave completely differently). However, it is possible
that a double mutation (Q119A/H124A) would be required
for a fully open channel. This is a question that can be tested
experimentally.
Fig. 4. The cost of moving one water molecule, and of moving all four water
molecules in the plane of the basket, determined from the basket alone plus Q119.
The unit is again Hartrees, so that a 0.5 Å distortion costs approximately 25 kBT
for one molecule, over 30 kBT for the entire basket; to move the entire basket
1.0 Å costs approximately 60 kBT, while even a single molecule costs about
35 kBT. The values are from single point calculations using B3LYP/6-311+G**,
starting from the previously optimized structures. Note that these results are for
the basket alone, together with only the Q119 residues, not the entire nanocrystal
with 12 amino acids. These energy values are about 1/3 those for the full
nanocrystal.
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the energyminimum. However, the channel operates near 300K.
Is the minimum deep enough to make the basket stable at that
temperature? Considering only the basket, we can assume there
is a loss of entropy associated with the effective freezing of four
water molecules. If these are as frozen as in ice, a reasonable
analogy, there should be a loss of entropy of 22 J K−1 mol−1,
corresponding to the ΔH of 6.01 kJ mol−1, or 2.4 kBT at 300 K
(or room temperature); for four molecules, this becomes 9.6 kBT,
or 24 kJ for four moles of water. This is a small fraction of the
energy to move a molecule 0.5 Å (>60 kJ mol−1—see also Fig.
2). Even if the analogy to ice is less than perfect the net ΔG for
formation of the basket remains favorable. Fig. 4 shows how
large the energy change is when the system is distorted.
The cost of moving one water molecule, and of moving all
four water molecules in the plane of the basket, was determined
from the basket alone plus Q119. The unit is again Hartrees, so
that a 0.5 Å distortion costs approximately 25 kBT for one
molecule, over 30 kBT for the entire basket; to move the entire
basket 1.0 Å costs approximately 60 kBT, while even a single
molecule costs about 35 kBT. The values are from single point
calculations using B3LYP/6-311+G**, starting from the
previously optimized structures. Note that these results are for
the basket alone, together with only the Q119 residues, not the
entire nanocrystal with 12 amino acids. These energy values are
about 1/3 those for the full nanocrystal (Fig. 4).
All this said, does the KcsA result also tell us anything about
voltage gated channels? We believe that it does. We have, forTable 3
Charges on important atoms in the calculation, with designations as given in text
Atom Charge
(closed)
Scatter
(RMS)
Charge
(open)
Scatter
(RMS)
Location
K 0.70 – – – Potassium
OA −0.81 0.02 – – Basket O
HAE 0.38 0.01 – – Basket H (E)
HAA 0.40 0.02 – – Basket H (A)
OB −0.74 0.02 – – Intermediate O
HBE 0.38 0.01 – – Intermediate H(E)
HBA 0.41 0.01 – – Intermediate H(A)
OC −0.77 0.01 – – K+ Hydration shell
HBE 0.37 0.01 – – K+ Hydration shell
HCA 0.42 0.01 – – K+ Hydration shell
OW – – −0.86 0.01 Water, not structured
HW1 – – 0.47 0.04 Water, not structured
HW2 – – 0.37 0.03 Water, not structured
HCE – – 0.45 0.45 Hydrogen in O–HO hydrogen
bond E120 carboxyls to water
O −0.66 0.01 −0.62 0.03 Q119
N −0.91 0.01 −0.78 0.04 Q119
HNB 0.44 0.01 0.39 0.02 Q119 (H-bonded)
HNF 0.40 0.00 0.36 0.02 Q119 (no H-bond)
OSB −0.78 0.01 −0.63 0.02 E120 carboxyl (H-bond)
OSF −0.61 0.00 −0.59 0.01 E120 carboxyl (no H-bond)
HS1 0.45 0.01 0.43 0.01 R122, guanidinium, H-bond
HS2 0.46 0.00 0.41 0.02 R122, guandinium, H-bond
NB −0.93 0.02 −0.91 0.01 R122, guanidinium, H-bond
NF −0.88 0.02 −0.92 0.02 R122, guanidinium, no H-bond
H1 0.45 0.01 0.43 0.01 R122, guanidinium, no H-bond
H2 0.38 0.00 0.49 0.03 R122, guanidinium, no H-bondsome time, argued for a three-step mechanism for voltage gating
[17,18]: (1) proton tunneling, leading to (2) a proton cascade,
producing gating current that (3) alters local charge in the gating
region, breaking hydrogen bonds and opening the channel.
Much earlier, Green argued [49] that channel block depended on
water existing in an essentially frozen configuration, and the
three planes of four water molecules each (the “ice nanocrystal”)
in Fig. 1C, D has as strong a resemblance to this idea as seems
possible. The finding that the proton channel (Hv) is very similar
to the voltage sensing domain (or an oligomer of it) [14,15] is at
least consistent with step 2 in the voltage gating model. In KcsA,
protons are added directly, presumably from the intracellular
medium, making the charge in the gating region positive. In
voltage gated channels, it appears that the sign of the effect
should be reversed, but the principle that change of charge alters
hydrogen bonding may be conserved. If the depolarization of the
membrane containing the voltage-gated channel moves protons,
thus altering charge, it too could disrupt the pattern of hydrogen
bonds holding the channel closed, producing a gating mechan-
ism similar to that proposed here for KcsA, although details will
be different. As there are also hyperpolarization gated channels,
with apparently somewhat similar structure, it is possible that
proton transport leading to the same sign of charge on the gating
region as in KcsA may be found in nature.
4. Summary
A calculation of open and closed states of the KcsA channel
leads to a proposed gating mechanism, showing how proton
addition to the gating region of the channel disrupts hydrogen
bonds, producing channel opening. Omission of the main chain
1228 A.M. Kariev et al. / Biochimica et Biophysica Acta 1768 (2007) 1218–1229structure still allows the calculated positions of the side chains to
close the channel, but leads to conservation of the X-ray
structure in the closed state. A “basket” of water molecules
blocks the channel in the closed state, and disappears in the open
state. In the closed state the basket attaches to the waters of
hydration of K+, forming a robust nanocrystal of ice. This shows
that water plays a key role in keeping the closed state closed. It is
suggested that a similar mechanismmay apply to voltage-gating.
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